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II. Introduction
T buffet has been extensively studied owing to its physical complexity and industrial relevance. This phenomenon results from the interaction between a shock wave and a shock induced separation and causes large chordwise oscillation of the shock wave position. This oscillation induces strong variation of the aerodynamics loads. This phenomenon is self-sustained on fixed wing, but can cause vibration since it can occur at frequencies near the structural ones. Hence, transonic buffet constitutes a boundary of transport aircraft's flight envelope. An extensive review of the literature on the topic of transonic buffet is presented by Giannelis et al. [1] .
First, concerning two-dimensional buffet, wind tunnel campaigns have been carried out by numerous researchers. Mc Devitt and Okuno [2] results have been used as a reference for many numerical studies because of the large range of Mach numbers and incidences available for a NACA0012 airfoil. In these cases, the buffet Strouhal number St = f c U ∞ ranges from 0.06 to 0.09. Benoit and Legrain [3] investigated the transonic buffet over a RA16SC1 airfoil and obtained similar frequencies. For the past decade, the experimental study of an OAT15A airfoil by Jacquin et al. [4] has been extensively used to validate numerical simulations of transonic buffet owing to the detailed data available. The reported frequencies stay in a range of Strouhal number from 0.062 to 0.073. More recently, Brion et al. [5] studied the transonic buffet of the OALT15 airfoil, which is designed to promote laminarity. Data are available with a boundary layer tripped at 7% and 40% chord as well as free transition. The results with forced transition exhibit a similar behavior as other experiments in turbulent regime with a Strouhal number of 0.07. However, the buffet frequency is larger by an order of magnitude (St ≈ 1.0) for the free transition, for which the transition occurs at the shock foot.
Numerical studies have been carried out to assess the predictive capability of CFD. Works by LeBalleur and Girodoux-Lavigne [6] and Edwards [7] demonstrates the capacity of viscous-inviscid coupling strategies to predict transonic buffet. Accurate solutions have also been obtained using Unsteady Reynolds Averaged Navier-Stokes (URANS) simulations. Thiery et al. [8] studied the effect of the turbulence model and confinement of the wind tunnel wall for the OAT15A airfoil. They show a strong variation of the buffet prediction depending on both parameters. For instance, the Spalart-Allmaras predicted buffet when increasing the incidence angle of 1°with respect to the experiments with unconfined farfield boundary conditions and reproduced the experiments when considering the tunnel walls. The k − ω SST provided solution in fair agreement with the experiments with and without considering tunnel walls, while the baseline k − ω failed to capture the unsteadiness. Similar observations were made by Goncalves et al. [9] when considering an extensive number of turbulence model for the RA16SC1 airfoil. They also studied the effect of the discretization of the convective fluxes. Their results show that numerical scheme and turbulence model have a strong effect on both buffet onset and amplitude but not on the frequency of the buffet. For instance, the Strouhal number stays in the range 0.073 to 0.078 for a Mach number of 0.642, a Reynolds number of 4.2 million and an incidence of 5°. The experimental result [3] is a Strouhal number of 0.083. Grossi et al. [10] used Delayed Detached Eddy Simulation DDES [11] . They also reported a strong effect of the turbulence model on buffet simulation. The Edwards-Chandra modification of the Spalart-Allmaras model with compressibility correction was used in their implementation of the DDES. Deck [12] used Detached Eddy Simulation [13] and Zonal Detached Eddy Simulation [14, 15] . As observed by other authors, URANS with the Spalart-Allmaras turbulence model required to increase the incidence to predict unsteadiness. Similar observations were made with DES, but the ZDES predicted the buffet onset at the same incidence as the experiments. To further reduce the impact of modeling, Large Eddy Simulations (LES) have been carried out by Garnier and Deck [16] and Fukushima and Kawai [17] . In summary, URANS simulations are able to reproduce the main features of two-dimensional buffet, but simulation of the turbulent scales might be required to reduce the impact of the turbulence modeling. The turbulent transonic buffet frequencies predicted by CFD are in good agreement with experimental results with Strouhal numbers in the range of 0.06 to 0.09.
Concerning three-dimensional buffet, most of the experimental studies have been carried out for half wing-body configurations representative of modern transport aircraft. Ross [18] reported a broad spectral content with Strouhal numbers ranging from 0.2 to 0.6. Dandois [19] presented the analysis of two wind tunnel campaigns over 3D half-wing body configurations. The characteristic bump in the pressure spectra is observed at a frequency 4 to 7 times higher than the two-dimensional buffet frequency. A superposition of the 3D buffet with the Kelvin-Helmholtz instability is also observed as well as a convection of buffet cells towards the wing tip.
Sartor and Timme [20] [21] [22] [23] carried out an extensive study of the RBC12 configuration with (U)RANS and DDES. They simulated unsteady shock motion with various turbulence models, but observed an effect on the buffet onset incidence [23] . They reported Strouhal numbers in the range 0.1 to 0.4 with unsteadiness mostly located on the outer part of the wing. Their results also showed buffet cells. Brunet and Deck [24] carried out a ZDES simulation of the CAT3D model and Ishida et al. [25] presented ZDES results for the NASA CRM. ZDES results on this configuration are analyzed using Dynamic Mode Decomposition (DMD) and Proper Orthogonal Decomposition (POD) by Ohmichi et al. [26] . Using these methods they identified a mode at St = f c U i n f = 0.37 associated with buffet cells and a mode at St = 0.034 which is coherent with two-dimensional buffet. This result seems to indicate the superposition of two unsteady phenomena. Iovnovich and Raveh [27] studied infinite swept configurations based on the RA16SC1 airfoil. These configurations are obtained from a swept extrusion of the airfoil and various boundary conditions are used to close the computational domain at the wing tips. In all cases a symmetric boundary condition is imposed at the root. Results showed the occurrence of what they called buffet cells and an effect of the sweep angle on both the amplitude and frequency of transonic buffet. Plante et al. [28] carried out a similar study. In this study, a symmetry plane is imposed at the root of the wing. For this reason the wavelength and amplitude of the cells vary in the spanwise direction. Thus, a very large span is required to get fully developed cells. The present paper is a follow-up of the latter. However, infinite swept configurations are studied. By this we mean that periodicity conditions are imposed to allow the buffet cells to fully develop in the spanwise direction and we impose no spanwise perturbation.
Another phenomenon named stall cells with a pattern very similar to the transonic buffet cells has been observed at low speed in the post-stall regime since the 1970's [29, 30] . Since then, many experimental and numerical studies have been carried out. The cells observed experimentally have an aspect ratio between 1 [31, 32] and 3 chord lengths [33] and their behavior can be steady or unsteady. For instance, Dell'Orso and Amitay [34] observed transition between a single cell and dual stall cell patterns. The observation of steady or unsteady patterns might depend on the visualization technique used and the aspect ratio of the wing [35] . Also, the stall cells seem to only be present for a narrow range of incidence in the post-stall regime [35] . Most of the study agree that the number of cells depends on the span length of the wing [33, 36] . Based on this observation Schewe [36] concludes that the cells are not caused by the effect of the wall in the experiments. Recently Dell'Orso and Amitay [34] carried-out an experimental parametric study of the stall cells on a NACA0015. They observed the transition between a two-dimensional flow separation and fully developed stall cells by increasing the Reynolds number. Broeren and Bragg [37] studied multiple airfoils and concluded that trailing edge separation is necessary to observe stall cells, which were generally steady.
Stall cells have been computed by Bertagnolio et al. [38] in the context of wind turbine design. Kamenetskiy et al. [39] also encountered this type of flow field while investigating the possibility to obtain multiple fully converged solutions of the discretized RANS equations. Manni et al. [40] presented results of stall cells using URANS and DDES simulations. Recent studies point towards an inviscid source for the stall cells. This statement is supported by Elimelech et al. [41] for the reason that the stall cells occur for a wide range of Reynolds numbers. Also, solution using viscous-inviscid coupling methods exhibit structures reminiscent of stall cells [42, 43] . Moreover, Spalart [44] proposed a model based on lifting line theory with which he obtained lift cells. Based on this model, stall cells result from an instability that grows when the lift versus incidence slope is negative. Gross et al. [45] proposed a model based on lifting line theory for the wavelength of the cells with respect to the slope of the C L α curve. Weihs and Katz [46] tried to explain the stall cells based on the Crow instability [47] and Rodriguez and Theofilis [48] linked stall cells formation to the appearance of a global unstable mode. This paper presents simulations of buffet cells and stall cells for infinite swept wings. This study is novel since the buffet cells have never been studied for infinite swept wings, which is the simplest configuration for which they can occur. Then, at low speed the stall cells are studied on swept wings. Together these results allow to identify similar behaviors between stall cells and buffet cells. The paper will start by presenting the numerical methodology. Numerical solutions of transonic buffet cells and subsonic stall cells will follow and the paper will end with conclusion. 
III. Numerical Method
Computations are carried out for infinite swept wing configurations obtained from the extrusion of a 2D airfoil. The meshes are generated by extruding a 2D mesh with a shift in the x-direction to obtain a swept wing. The x-coordinates are modified by a factor 1 cos δ with δ the sweep angle to keep the baseline airfoil geometry in the plane normal to the leading edge. Fig. 1 shows the 3D mesh used for transonic buffet with one point over four in all directions. One can observe the angle between the leading edge and the z-axis and the two parallel planes closing the domain at the tips of the wing. The baseline grid for transonic buffet is an O-type mesh of the RA16SC1 airfoil with 640 by 256 cells with a wall spacing of 3 × 10 −6 chord. In this paper we use a constant spanwise grid spacing of 0.107 chord length and span extensions of 3 and 6 chords are considered. For the subsonic stall conditions, the profile is the FX77W270 airfoil and the mesh is an O-type grid of 512 by 256 cells with a wall spacing of 6 × 10 −6 and a span of 6 chords. The spanwise grid spacing is 0.107 chord. The span of the wing must be sufficient to allow the development of 3D structures. Moreover, the span might have an impact on the number of cells since the periodic boundary condition forces an integer number of cells in span.
No slip boundary conditions are imposed at the airfoil surface and periodicity is enforced in the spanwise direction. Farfield conditions are imposed on the remaining boundaries. The farfield conditions are modified to maintain the similitude of the cases with respect to values in the plane normal to the leading edge. To do so, the Mach number, Reynolds number and incidence are modified following equation 1.
The studies presented in this article have used the ONERA-Airbus-SAFRAN elsA software whose development are partially funded by Airbus, Safran, and ONERA which are co-owners of this software. A cell-centered scheme with scalar numerical dissipation is used to discretize the convective fluxes. Convergence is accelerated using local time stepping and geometrical multigrid. Pseudo-time integration is carried out with a LU-SSOR scheme and time accurate solution are computed with a dual time stepping approach. The time step is fixed at 1 × 10 −5 s for all cases and the one equation Spalart-Allmaras turbulence model is used for closure of the (U)RANS equations. Study of the time step refinement and mesh refinement will be carried out in the final paper. 
IV. Numerical Results

A. Transonic Buffet
In this section numerical simulations of the transonic buffet over the RA16SC1 airfoil at a Mach number of 0.732, an incidence of 3°and a Reynolds number of 10 million are performed. As mentioned in the previous section, these conditions will be kept constant in the plane normal to the leading edge of the swept wings. The dimensional time step of 1 × 10 −5 s results in an undimensional time step t = tU 2D l r e f of 0.0105.
To exclude three-dimensional effects, first computations are performed with a single spanwise cells. Such configuration will be labeled 2.5D cases. Fig. 2 shows the C L coefficients for various sweep angles. One can observe that the cross-flow added by the sweep angle has no effect on the frequency and little effect on the lift amplitude.
Following these results we study three-dimensional wings. Fig. 3 shows the pressure coefficient and the skin friction lines on the suction side of the wings for four sweep angles. We observe a variation of the shockwave position along the span of the wing, forming what has been called buffet cells by Iovnovich and Raveh [27] . For the low sweep angle the skin friction exhibit a shape reminiscent of the stall cells. We also observe that the flow boundary layer is separated in the middle of the cells, but regions of attached flow are present in between them. These cells are convected along the span of the wings. (Fig. 5) , we observe that a large amplitude oscillation of the lift coefficient is present in all cases because the periodic passage of the buffet cells. Also, the frequency of the oscillation increases rapidly with the sweep angle. In the 25°and 30°sweep angle cases the amplitude of the oscillation is constant in time, 
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which is not the case for the other sweep angles. It should be noted that these two sweep angles are the one for which the global lift oscillation almost vanishes.
More insight is obtained by looking at the spectrum of sectional lift coefficients shown in Fig. 6 . One can observe that a peak in the spectrum is present near a Strouhal 0.06 for every sweep angles except 15°. However, in this case the two dominant frequencies (0.055 and 0.075) are close to this frequency. We note that this frequency is in the range of what is normally observed in two-dimensional buffet. This frequency is also close to the oscillation frequency observed in the global lift coefficients. Other peaks are observed depending on the sweep angle. These frequencies are summarized in Tab. 1. When looking at the movie of the pressure on the skin, we find that these frequencies are related to the convection of the buffet cells. In some case these frequencies are close to harmonics of St = 0.06. We also see that these peaks are well defined, in contrary to the bump in the spectra of transonic buffet over aircraft wings in the literature. to indicate that the main reason for the increase of frequency observed for the three-dimensional buffet is caused by the buffet cells phenomenon. In fact, most of the studies of three-dimensional buffet were made on configuration representative of transport aircraft with a leading edge sweep angle in the range 20°to 30°. For this reason, the convection of buffet cells resulted into a high frequency. The present result shows that for small sweep angle the frequency caused by the convection of buffet cells is lower than the 2D buffet frequency. In contrary to the spectrum of buffet on aircraft wings, our spectrum does not present a broadband bump. Hence, this feature of the aircraft buffet could be related to geometrical parameters like twist, taper and the kink or turbulence, more than to a characteristic of transonic buffet phenomenon. While the source of the transonic buffet has been identified as an interaction between the shock wave and the boundary layer, the buffet cells remains quite unexplained. However, we can notice similitude to the stall cells phenomenon observed in subsonic stall, in particular when looking at the skin friction lines. This phenomenon will be studied in the next section.
V. Subsonic stall
Numerical simulations of subsonic stall have been performed on the FX77W270 wind turbine airfoil at a Reynolds number of 741 300 and an incidence of 7.5°. The Mach number is set to 0.2 in order to neglect the compressibility effects. This airfoil has been investigated in wind tunnel by Schewe [36] . Fully turbulent simulations are carried out. However, the experiments does not impose the laminar-turbulent transition, which occurs too late to be neglected. Hence, the results of this section have a qualitative value but experimental data in fully turbulent regime would be necessary to allow comparison with RANS computations. Fig. 7 shows the C L α curve for the FX77W270 airfoil in two-dimension. For an incidence of 7.5°, the lift coefficient is 1.06 (1.1 in the wind tunnel tests). In this condition there is a separation near the trailing edge but the flow is not in the stall regime.
First, we look at the case without sweep angle. Fig.8 shows the skin friction lines and pressure coefficient on the suction side of the wing with zero sweep. We clearly see four stall cells with the characteristic mushroom shape reported in the literature. While the flow conditions are different than those of the experiments, the same number of cells is obtained. Hence, the stall cells have a similar aspect ratio. In this case the cells are mostly stationary, but the flow is not converged to a steady state. In URANS, a slow variation of the lift coefficient is observed with a well-marked peak in the spectrum at a Strouhal based on the separation height of 0.21. This frequency is characteristic of a bluff body shedding. One can observe that the topology of the flow is very similar between Fig. 8 and Fig. 3a . This lead us to think that the origin of stall cells and buffet cells is the same.
We now consider an infinite wing swept with an angle of 20°. Fig. 9 shows the skin friction lines and pressure coefficient on the suction side of the wing. We still observe the presence of two structures which are convected in the spanwise direction like in Fig. 3. Fig. 10 shows the signal of C L on a selected wing section and its power spectral density. We observe a low frequency but high amplitude variation of the sectional C L . This lift loss is caused by the passage of a stall cell over the wing section. Here most of the unsteadiness occurs at a frequency related to this convection. Hence, the global C L is almost constant because there is an integer number of cells in span and lift variations in span compensates. We can also observe a very small peak in the high frequency range which can be related to bluff body shedding (1.61 sin 7.5°≈ 0.21). From these results we can think that the convection of the stall cells is qualitatively similar to the convection of buffet cells. 
VI. Conclusion
Numerical simulations of transonic buffet over infinite swept wings have been performed. Preliminary results show the occurrence of cellular patterns with the characteristic mushroom shape associated to stall cells. These simulations are carried out on infinite swept wings to exclude any effect of three-dimensionality in the boundary conditions or geometry. The 2.5D solutions show that without development of 3D structures, the buffet phenomenon remains very similar to the two-dimensional buffet. The analysis of the frequency content of three-dimensional buffet over infinite swept wings shows the superposition of two phenomena: the 2D buffet which induces variation of the spanwise averaged shock position, and the convection of the buffet cells. The latter results in a varying frequency with respect to the sweep angle. In contrary to the results over aircraft wings, the frequency associated with the convection of the cells is well defined. Hence, the effects responsible for the broadband spectra observed in the experiments are not encountered in infinite swept wings URANS simulations.
Computation of infinite swept wings in subsonic regime with trailing edge separation shows the appearance of stall cells. The structure of those cells compares well with the structure of the buffet cells. Also, when computing a swept wing, the cells are convected towards the wing tip resulting in an unsteady flow very similar to the three-dimensional buffet. In contrary to buffet, the largest part of the unsteadiness is associated with the convection of the stall cells. Hence, without sweep the flow is almost steady. These observations lead us to think that the stall cells and the buffet cells are the same phenomenon. With regards to the literature this means that the buffet cells could be explained by inviscid theories and thus provide a better understanding of the complex phenomenon which is transonic buffet.
For the final paper, time step and grid refinement studies will be presented. An effect of the span will also be presented. The span length of the buffet cells is constrained by the span of the computational domain. Hence, by varying the span we expect to change the number of cells but not the convection speed. This will change the frequency of buffet and provide more insight into the effect of buffet cells. This will also help us develop a model for the convection speed of buffet/stall cells.
For the stall cells at low speed, the effect of the sweep angle will be evaluated for a greater number of sweeps and the trend of the convection speed compared to the one of buffet cells.
